by FM4-64 fluorescence microscopy. Whereas BJ3505
combine features expected from mutants defective in vacuolar fission, i.e., enlarged and fewer vacuoles, with those of fusion mutants, i.e., many small vacuolar fragments. These data are in accord with previous observations by several other groups who analyzed vacuolar structure in these strains by different methods (Banta et al., 1988; Rothman et al., 1989; Wada et al., 1992) . We note that, consistent with vacuoles existing in a fusion/fission equilibrium, the fusion or the fission phenotype of vps1 deletion can prevail in some strain backgrounds, yielding cells with complete vacuole fragmentation or with only one large spherical vacuole (data not shown). We also noticed that BJ3505 wild-type vacuoles were not spherical and were often multilobed, and on rich medium 5%-10% of the cells showed invaginations of vacuolar membrane into the lumen of the organelle ( Figure 1A ). There were also many segregation structures, i.e., vacuoles extending into the growing daughter cell, indicating active actin-dependent transport of vacuolar membrane toward the daughter cell (Weisman, 2003) . In ⌬vps1 cells, the large vacuole was always completely spherical and did not show any segregation structures. This suggests that transport of vacuolar membrane into the daughter cells may be compromised in ⌬vps1 mutants. However, in this study we did not pursue this aspect further.
We tested whether Vps1p is required for vacuolar fission by briefly exposing the cells to hypertonic media. GTPase Ypt7p was found only on the membranes. The specific content of Vps1p was similar in both fractions, resembling the fractionation pattern of other peripheral tant such as ⌬vam3, which lacks the vacuolar t-SNARE vacuolar proteins, such as components of the actin sysVam3p, showed only vacuole fragments dispersed tem, calmodulin, or the t-SNARE subunit Vam7p (Boedthroughout the cell ( Figure 1A Figure 2C ). In cells which had been sectioned and can form filamentous structures on this organelle. et al., 1992) . As in numerous other trafficking mutants, this may finally lead to the accumulation of wild-type Vacuole fusion can be tested with isolated organelles in a cell-free system, using vacuoles from two different levels of most proteins in the vacuoles, particularly of vacuolar membrane proteins. In ⌬vps1 cells, these can strains. BJ3505 expresses an enzymatically inactive pro-alkaline phosphatase (pro-Pho8p) in the vacuolar be sorted to vacuoles not only along their authentic trafficking pathway, but also by exocytosis and subselumen, whereas DKY6281 carries the appropriate maturation enzymes (Pep4p and Prb1p). Vacuoles from both quent endocytic delivery to vacuoles (Nothwehr et al., 1995) . To ensure that the reporter enzymes of the fusion strains are mixed in the presence of an energy regenerating system and physiological salt conditions. Fusion assay were functional in ⌬vps1 vacuoles, we lysed concentrated vacuole mixtures with Triton X-100 in fusion between the vacuoles provides access of the maturation enzymes to pro-Pho8p, producing mature Pho8p, which buffer. This artificially permits access of the proteinases to pro-Pho8p and simulates contents mixing by fusion. is now active. The alkaline phosphatase activity produced serves as a readout for fusion (Wickner and Haas, A strong signal was generated with both wild-type and ⌬vps1 vacuoles, indicating that the assay system was 2000).
Vps1p Is Required for Vacuole Fusion
A potential role of Vps1p in vacuole fusion was tested functional in the mutants. Next, we introduced vps1ts (Vater et al., 1992), a conin this cell-free system using mutations resulting in conditional or constitutive deficiency of Vps1 function. Vacditional allele of Vps1, into ⌬vps1 cells, making it the sole source of Vps1p. The vps1ts allele leads to missorting of uoles from ⌬vps1 strains did not fuse ( Figure 3A) . The protein pattern of isolated ⌬vps1 vacuoles did not reveal vacuolar proteins at the restrictive temperature of 37ЊC, but not at the permissive temperature of 22ЊC. In order significant differences to that of the wild-type (data not shown), suggesting that the steady-state protein conto avoid potential secondary effects by missorting, we cultivated the cells at 22ЊC, prepared vacuoles, and tent of ⌬vps1 vacuoles is similar to that of wild-type vacuoles. This is probably due to the fact that trafficking tested them for fusion activity ( Figure 3B ). vps1ts vacuoles showed 52% of the activity of wild-type organelles. to the vacuole is significantly delayed in ⌬vps1 cells but not completely prevented (Rothman et al., 1990; Vater
As is the case for many other conditional alleles, vps1ts We further explored the function of Vps1p in vacuole those for anti-Vam3p and Gdi1p, indicating that Vps1p acts up to the docking stage. We note that the type of fusion by assaying its molecular interactions with vacuolar fusion proteins (see below) and by using affinitykinetic analysis shown above demonstrates the latest step influenced by an inhibitor but does not resolve purified antibodies to Vps1p to selectively inactivate this protein on isolated vacuoles. Antibodies to Vps1p additional earlier events influenced by a compound.
While these data clearly demonstrate the involvement inhibited fusion of isolated vacuoles efficiently (IC 50 ϭ 1.7 M; Figure 4A ), whereas nonimmune IgG at the same of Vps1p in vacuole fusion, they also suggest that Vps1p, though it binds GTP␥S, probably does not account for concentration had no effect. Monovalent behaved like wild-type membranes ( Figure 5C ). We verified that Sec17p had been successfully inactivated by monitoring the disruption of cis-SNARE complexes, which is a Sec17p/␣-SNAP-dependent process. To this oles (Supplemental Figure S2 at http://www.cell.com/ end, vacuoles were solubilized in Triton X-100 after the cgi/content/full/119/5/667/DC1/). start of a fusion reaction. The amount of the v-SNARE We used antibodies as an independent means of inacNyv1p that could be coprecipitated with the t-SNARE tivating fusion relevant proteins. Vacuoles were incuVam3p was used as an assay for cis-SNARE complexes.
bated with antibodies to Sec17p, Sec18p, Nyv1p, Vam3p, Under these conditions, the ATP-dependent disruption or Vps1p at concentrations sufficient to block vacuole fusion (Supplemental Figure S1 on the Cell website). of cis-SNARE complexes was blocked in sec17-1 vacu-Under these conditions, antibodies to Vam3p, Sec18p, and Vps1p inhibited Vps1p release, whereas antibodies to Nyv1p or Sec17p had no effect ( Figure 5E ). Sec17p release was inhibited only by antibodies to Sec17p or Sec18p. Thus, both mutant data and antibody inhibition indicate that Vps1p release depends on Sec18p/NSF and the t-SNARE Vam3p but is independent of the v-SNARE Nyv1p and the Sec18p cofactor Sec17p/ ␣-SNAP. This defines two separable activities of the t-SNARE/NSF system: the first is a Sec17p-dependent function that results in Sec17p release and involves cis-SNARE separation. The second is an action of Sec18p/ NSF on the dynamin homolog Vps1p. Though dependent on the t-SNARE Vam3p, this function does not require v-/t-SNARE complexes because it persists after inactivation of Nyv1p and Sec17p/␣-SNAP.
The requirement of the t-SNARE Vam3p for Vps1p release was reflected by physical association of these proteins, which we studied by coimmunoprecipitation and gel filtration. Purified recombinant cytoplasmic domain of Vam3p could bind to purified recombinant Vps1p in a GTP␥S-sensitive fashion ( Figure 6A ). This suggests that direct interaction of these two proteins is possible. To further investigate the properties of the Vam3p-Vps1p interaction in native membranes, Vam3p was immunoprecipitated from vacuoles that had been preincubated under fusion conditions in the presence or absence of ATP, followed by solubilization in detergent. In the absence of ATP, Vps1p coprecipitated efficiently with Vam3p ( Figure 6B ). Relative to the input, the efficiency of Vps1p coprecipitation was even significantly higher (Ͼ5%) than that observed for Vti1p (1.5%), a known subunit of the vacuolar t-SNARE complex (Ungermann et al., 1999). We assayed the influence of fusion on the Vps1p-Vam3p interaction in order to characterize it. Vps1p-Vam3p coprecipitation correlated to fusion activity: first, the Vps1p-Vam3p interaction was broken if vacuoles had been preincubated with ATP for 30 min before solubilization ( Figure 6B ). ATP activates membrane bound Sec18p/NSF. This can be confirmed via a 
